EEEEEEEEE
NNNNNNNN
AAAAAAAAAA

UCRL-JRNL-236460

The Cohesive Contnuum
Framework for Analysis of
Fracture in Solid Bodies

R. R. Settgast, M. M. Rashid

November 12, 2007

Engineering Fracture Mechanics



Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States
government. Neither the United States government nor Lawrence Livermore National Security, LLC,
nor any of their employees makes any warranty, expressed or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein
to any specific commercial product, process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States government or Lawrence Livermore National Security, LLC. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the United States government or
Lawrence Livermore National Security, LLC, and shall not be used for advertising or product
endorsement purposes.



The Cohesive Continuum Framework for Analysis of

Fracture in Solid Bodies

Randolph R. Settgast', Mark M. Rashid"

Department of Civil and Environmental Engineering, University of California, Davis, Davis, CA 95616
Abstract
Embedding cohesive surfaces into finite element analysis is a widely used technique for the
numerical simulation of material separation (i.e., crack propagation). Typically, a traction-separation
law is used which relates the magnitude of the cohesive traction to the distance between the
separating surfaces. Thus the characterization of fracture in such models is decoupled from the bulk
constitutive response, as well as containing no intrinsic dependence on material stretching in the
plane of the fracture surface. In this work, the "Cohesive Continuum Framework" (CCF) is
presented as a further development of the cohesive zone idea, wherein the traction-separation law —
and therefore the fracture phenomenology — derives directly from the bulk constitutive law. The
immediate goal is an improved modeling framework for ductile fracture in metals wherein 3D
effects such as crack-top triaxiality can play a significant role in fracture behavior. The CCF is
implemented in an explicit 3-dimensional finite element code. Proof-of-concept analyses using both
linear elastic and Gurson void growth constitutive relations are presented. A 3-point bend
simulation is found to give good agreement with experimental results.

Keywords: cohesive continuum, cohesive zone, ductile fracture, finite elements

1. INTRODUCTION

Cohesive zone (CZ) modeling is now a well-established approach in computational fracture

mechanics. The central element of the CZ concept is a rule which associates a traction vector with a
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prescribed separation-displacement history. This rule is applied pointwise on a surface pair that is
in the process of separating, such that the separation is resisted by opposing tractions. In this
modeling paradigm, the traction-separation rule is dependent on the material, and is properly

regarded as part of the material's constitutive description, alongside the bulk constitutive law.

Traction-separation rules can generally be categorized as either initially elastic or initially rigid.
In the case of initially elastic cohesive laws, such as those presented by Needleman [3,4], Rice and
Wang [5], Xu and Needleman [6-8], and Tvergaard and Hutchinson [9] among others, the closing
traction is initially zero at zero separation. Thereafter, the traction increases with increasing
separation until a maximum value is reached, after which the traction diminishes to zero at some
finite relative displacement. In contrast, the initially rigid class of cohesive laws [10-12] proposes
that the prospective separation surfaces remain connected until a critical traction is reached,
whereupon the traction decreases continuously to zero as separation proceeds. In both cases, post-
peak unload/reload behavior is generally assumed to occur along a straight trajectory from the

origin; i.e. the cohesive rule is assumed to be irreversible.

The compliance introduced by initially elastic cohesive laws is unphysical, but is generally of
little consequence in finite element calculations where only a single pre-existing surface is
designated as the fracture surface. This is appropriate for highly symmetric scenarios, where the
crack path can be inferred from symmetry. However, if ubiquitous pre-existing cohesive surfaces
are specified, e.g. at all inter-element facets [10, 12], then the cohesive compliance introduces a
mesh dependence which ultimately culminates in zero stiffness of the body as the mesh is refined
continuously. Klein et al. [13] provide a thorough discussion of this issue and suggest guidelines

to mitigate its effects.

Initially rigid cohesive laws are free of the unphysical mesh dependence exhibited by initially
elastic laws, but come with their own set of complications. For example, in dynamic finite element
calculations, if a cohesive element is unloaded immediately after its critical traction is first reached,

then the unload-reload response of the element can exhibit arbitrarily high stiffness. This
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circumstance presents difficulties in relation to explicit time integration of the equations of motion.
A more basic issue is that of time-continuity of the nodal cohesive forces across the separation
event. As discussed by Papoulia et al. [14], time continuity of these forces emerges as an important
issue in the post-peak behavior of the separating surfaces, due to the negative slope of the traction-
separation rule. Unless special care is taken, the nodal cohesive forces suffer a discontinuity as the
critical traction is reached, causing a shock-type loading at the surface pair. In view of the negative-
stiffness cohesive law, this shock can drive the system dynamics in such a way that the cohesive
forces degrade prematurely, and in a physically unrealistic manner. Papoulia et al. [14] propose an
initially rigid formulation that enforces time continuity through a procedure that modifies the
cohesive tractions at initiation. However, this formulation suffers from traction locking, for which

no remedy is immediately apparent.

By way of introduction of the developments proposed herein, two fundamental features of the
conventional CZ approach bear particular emphasis. First, the CZ traction-separation rule applies to
a pair of surfaces that are in the process of separating. It cannot, by itself, explicitly provide for a
transition from smoothly-deforming internal material surface to separating surface pair. The
second feature of particular relevance here is that the traction-separation rule is the subject of a
separate constitutive postulate that is unrelated to the bulk stress-strain behavior. The latter controls
the mechanical response of material points up until the instant that separation initiates, after which
the completely unrelated traction-separation rule takes over. It might be said that the standard CZ
approach attempts to model fracture by describing what happens to material surfaces only after they
have begun to separate, and not by delineating the conditions under which the transition to
separation takes place. The approach of Oliver et al. [33,34], on the other hand, attempts to address
this disconnect by extracting the cohesive law from the softening branch of the bulk constitutive

law, using strong-discontinuity kinematics.

It is asserted that the two above-described features of the classical CZ approach engender

serious limitations with respect to physically realistic modeling of fracture. The theoretical



approach proposed herein, called the Cohesive Continuum framework, represents an attempt to
address these limitations by connecting, in a natural way, the traction-separation behavior with the
bulk constitutive law. A particular goal of this approach is construction of cohesive laws that reflect
a physically meaningful relationship between the fracture behavior on the one hand, and three-
dimensional aspects of the near-tip fields, such as stress triaxiality, on the other. In this way, the
physically observed influence of hydrostatic stress in the near-tip region can be modeled in a
controllable manner. In this connection, it is mentioned that Siegmund and Brocks [17, 18],
remaining within the conventional CZ format, present a model in which the cohesive law is modified
by the stress triaxiality in the adjacent bulk material. Their motivation is largely the same as for the

present work: to consider the state within the bulk continuum when simulating material separation.

The Cohesive Continuum framework is introduced in the next section. This approach differs
from standard cohesive-zone methods in that it seeks to specify cohesive stresses, separately-
postulated two-dimensional relationship, but instead from the complete 3-dimensional constitutive
response. This is accomplished through specification of a deformation-gradient-like kinematic
tensor that involves components of the bulk deformation gradient, the opening displacement, and a
length scale. This kinematic measure is used to drive the bulk constitutive response. The resulting
material stress state is, in turn, applied to the body in a manner that supplies cohesive closing

tractions in the rupture zone.

2. THE COHESIVE CONTINUUM FRAMEWORK

Kinematics

Consider a material body that occupies an open spatial region B, with boundary surface JdB at time
(t). The body also occupies the open region B,, with boundary surface dB,, at some reference time

prior to any surface separation. Let the position of a typical material point be X&B and XEB, in the

current and reference configurations respectively. Now consider a smooth, but otherwise arbitrary

surface I', C B, with unit normal N and tangent unit vectors M, (a=1, 2) such that {N, M,, M, }
4



forms a right-handed orthonormal triad at every point on I;. The surface I, will be called the

rupture surface, as it is the surface that ultimately separates into a pair of new boundary surfaces.

For any point X&T, there exists an open neighborhood RCB, of X such that R = R"UR'U(RNT})

where R"NR = J; i.e. the surface I, divides the region R into two disjoint open regions R™". The

surfaces ( U R*| I')) are referred to as I';"" respectively. Whereas I',”" are geometrically
Xer,

identical to I, their respective outward unit normal vectors N* satisfy N*+N" = 0. The current

osition vector and surface deformation gradients on X& I'," are defined as:
p g 0

X" = lim X(X— §N+’"),

£—0° (1
- _ i 2
Fr = gL@HX-g N©- ° @)
Further, we define the gap vector on I, as:
v=x"-Xx,X€E&I,. (3)

Now consider a pair of surfaces JA;", such that they are a distance A/2 from I"along the normal

N*". The surfaces JA;” can be said to bound a material layer A, of thickness A as shown in Figure
2. The role of A, is to specify a region of material that is actively undergoing rupture, and is

therefore subject to special treatment.

Throughout the solution of a continuum boundary value problem, the deformation gradient F
and its history may be used to generate kinematic “inputs” to the constitutive law. As in the
continuum problem, the Cohesive Continuum Framework relies on a local constitutive evaluation
everywhere in the body B. However, the CCF seeks to distribute the effects of a discontinuity (i.e.,

non-zero gap vector) across the layer A. Thus the standard deformation gradient is replaced by a
modified gradient-like kinematic tensor (G) within A. This tensor, which is used to define a material

state that is useful for the purpose of assessing progression towards separation, is defined as:



F+%V®N_ Xe A,
F X¢& A,

G-= 4

Equation (4) states that the G is equal to the bulk deformation gradient F, plus an additional term
that is proportional to the gap vector (v) as defined in Equation (3). To illustrate the ramifications of
this definition, it is useful to examine how G transforms a material line element lying along the
direction a, in the reference configuration. The component of a, that lies in the direction of N is

transformed by the deformation gradient F, plus the length-scale-normalized gap vector, i.e.
GN=FN+ % In contrast, the components of a, that lie in the plane of I, (M,, M,) are

transformed by F only, and thus are unaffected by the gap vector.

Rupture Function

A material rupture function &Q, X, K) is defined to provide a quantitative measure of the
progression towards rupture at a material point and in a particular direction. The function’s
arguments consist of the material state Q, the reference position vector X, and a unit vector K. A
pair of critical values @,(X) and @,(X) are defined throughout the body as the values of @ (Q,X,K)
at which the rupture process initiates and completes, respectively. If @ <®, YX € B,and for all K,

then no rupture is indicated, and the standard continuum theory applies to the entire body B,. If

there exists some material point X&B, where @, < max D(0Q,X K) < D,, then there exists a rupture
surface I, at X with unit normal N, where N is the K which maximizes @&(Q,X,K). Thus the path of
the surface-separation front is determined by the value of K that maximizes @. For any material
point at which &(X, N, Q)=@,, the surfaces I',”"E0dB,, and are thereafter subject to external

boundary conditions. Also of note is the inclusion of the position vector X in ®,®,, and OD,,

which allows for material heterogeneity in the rupture behavior. Finally, as a matter of convenience,

we define the separation coefficient (s) to track the extent of the separation process:



1 D=, )
where :

s=0 .

The separation coefficient is a monotonically increasing function of @ that varies linearly
between values of zero at ®=®,, and unity at ®=,.
In the CCEF, the rupture phenomenology is governed by the manner in which ® depends on the

material state Q. Since the rupture function is given no other information other than the material
state, position, and an orientation, the bulk constitutive model must provide state descriptors that are
suitable for delineating a progression toward rupture. As an example, if a material were known to
rupture through void growth and coalescence, the bulk constitutive model should contain some
quantitative measure of void size/fraction. Therefore we stress that the choice of bulk constitutive

model remains a primary factor in the behavior of any CCF based model of rupture.

Cohesive Stresses

The previous sections provide a means by which to update the state of the material in A, as well

as a way to quantify the material’s progression towards complete rupture. A manner in which the
rupturing material influences the equations of motion within the body is now described.
Specifically, the stress state in the rupturing material, which will be referred to as the cohesive
stress, must influence equilibrium of the body in some manner. In conventional cohesive zone
models, this occurs via a closing traction applied to the separation surfaces. This closing traction is
typically derived from a traction-separation law, which is unrelated to the constitutive relations used
to describe the bulk material. In contrast, the CCF provides for a complete and fully three-
dimensional material state derived from the bulk constitutive relation. It is from this stress state that
the cohesive stresses are derived. To this end, the cohesive stress is expressed as the standard

Cauchy Stress (T) multiplied by a scalar function:
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T, =r(s) T (6)

The scalar function r(s) is referred to as the stress-reduction factor, and is defined as:

1 s=0
r(rs)= f(s) O0<s<l

0 s=1 (7
w<0

ds
The appropriateness of a stress-reduction factor is evident when considering the origin of the
Cauchy stresses. The material state, and thus the Cauchy stresses, are derived from constitutive
relations driven by the enriched kinematics specified in equation (4). While a non-zero value of v in
G may imply that the material is not fully connected, this implication is lost when G is used in the
same manner as a standard continuum-based gradient to update the material state. No information
pertaining to the separation of the material is passed to the constitutive model; therefore the stresses
generated by the constitutive model assume that the material is still fully connected. If the
constitutive model does not provide a means for a reduction in load-carrying capacity based on its
own "damage" parameters, then a method for reducing the stresses applied to the body must be
specified outside the scope of the bulk constitutive relation. Accordingly, the stress reduction factor
enforces the requirement that the cohesive stress goes to zero as the separation coefficient
approaches unity (i.e. full separation).

It is crucial to observe that the cohesive stresses (T,) that result from the modified constitutive

response in the layer A must be applied in a manner that is consistent with the assumed
configuration of A. Specifically, we state that the cohesive stress (T,) is the appropriate measure of
stress to represent the state of the material within A. It follows that the discontinuity that bisects A
implies the stresses in A™ must be accompanied by cohesive tractions (denoted by Piola tractions

p."") that are applied to the separating surfaces 1.



To determine appropriate values of these cohesive tractions consider a “filament” L of material

lying normal to I"(i.e. along N) and described in the reference configuration by an infinitesimal

area dA C I'and —% <Y, < % - i.e., L spans A. Now consider that the filament undergoes

separation at is middle, subject to the cohesive tractions, which tend to hold the halves together. The

rate of work on L per unit cross-sectional area in a quasistatic process is:

. 0— . Al2 . + oo+ -
E, = f_A/z((P“)i/’F’ff) dy; + f0+ ((Pc)iiF’ff) dy, —(P,» Ui + pith; )
where : (8)
P =TF det(F)
Now assume for a moment that p™~ were arbitrarily set to zero. If this were the case, then equation
(8) indicates that the cohesive stress may act as an unphysical energy source resulting in unstable

solutions. This may be explained by noting that equation (8) is the energy balance per unit cross-

sectional area over A if P, =T. The fact that P, is not necessarily equal to T leads to the introduction

of an energy source.

Now consider a second scenario, in which the filament £ remains intact, but actually deforms with

the deformation gradient equal to G. In this case, the rate of work done on £ per unit area (E ,) in

a quasistatic process is:

E£2 = fA/z (PC)[kGik dY? (9)

-Al2

In this case, it is obvious that no unphysical energy source arises, as the cohesive stress P is doing
work through the deformation rate that actually produces the stress. Inserting equation (4) into this

relation yields:

ELZ = f_A)f/zz((PC)ijF‘lj) dYS _EJ(MTN; + u,_N;)
(10)

Al2

-A/2

where }_’lj = % f
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Comparing (8) to (10) suggests that the cohesive traction can be defined, such that no energy

source is exists, as:

(b) = PN} (an

Thus the application of the cohesive stress consists of replacing the continuum Cauchy stress with

the cohesive stress defined in equation (6) within A, and applying the tractions defined in equation

(11) to the surfaces I™.

3. FINITE ELEMENT METHOD IMPLEMENTATION

The Cohesive Continuum Framework outlined in the preceding section has been implemented in a
time-explicit 3D finite element structural dynamics code named CCFEM. CCFEM is written in
C++ and has been successfully compiled and tested using the Gnu c++ complier, as well as the
Intel c++ compiler.

The 8-noded tri-linear hexahedral solid element is used for modeling the bulk continuum. This
element utilizes an enhanced strain low order formulation similar to that proposed by de Souza
Neto et al. [20] and Rashid and Selimotic [21] when nearly incompressible material models are
specified. Furthermore, the incremental kinematics method given by Rashid [22] is used to generate

constitutive input from the incremental deformation gradient.

For the purposes of this work, material separation is assumed to occur across element
boundaries (i.e. inter-element facets). Candidates for the rupture surface (I')) are therefore limited
to element boundaries, which are referred to as separation facets. A typical such facet, together with
its adjacent bulk elements and the corresponding separation layer (A), is shown in Figure 3. Note
that the separation layer is defined such that it intrudes into the surrounding bulk elements by a
distance A/2 on each side of the separation facet. It is assumed that a portion of each element
surrounding the potential separation facet contains a quantity of material subject to rupture (see

Figure 3). The volume A is integrated using 2 to 8 integration points at a distance Y, ==+A/4 from
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the facet, as indicated by the solid rectangles in Figure 4. An integration point on one side of the
facet is mirrored on the other side of the facet, and together these integration points are referred to
as an integration couple. The points that make up an integration couple have the same Y, and Y,
coordinates, while the Y, coordinates have opposite sign. The number and location of the integration
points should mimic the integration rule used in the bulk elements. If a fully integrated element is
specified, then the choice of 8 integration points (4 couples) is made. If a reduced integration rule is

used, then 2 integration points (1 couple) is used.

The material state at the CCF integration points are updated under the assumption that G
represents the deformation gradient in A. Prior to the initiation of the separation process (P< D)),
the gap vector (v) is equal to zero, thus G is equal to the standard continuum deformation gradient.
After the initiation of the separation process, the non-zero gap vector (v) is calculated for each
integration couple using a pair of formerly coincident points on the separation facet. This pair of
points has the same Y, and Y, coordinates as the associated integration couple, but has a Y;

coordinate equal to zero (i.e., the points initially lie on I"). Note that the assumed relationship
between A and the surrounding hexahedral elements imposes some limitations on the allowable
configuration of the mesh. Specifically, the hex elements adjacent to the separation faces should be
cuboid, and must not have thickness less than A/2 in the Y; direction, as A is assumed to be a subset

of the adjacent hex elements. A CCF formulation that is not subject to these conditions is presented

by Settgast [19]. These conditions on the mesh are retained in this exposition for clarity.

Element Splitting and Node Duplication

In a standard FEM setting, the creation of a new surface along interior element boundaries requires
that node duplication occur. The duplication of a node is dependent on the values of the rupture
function at the CCF integration points corresponding to the facet to which the node is connected.
Specifically, whenever the value of the rupture function at one or more CCF integration point

exceeds the specified value for rupture initiation (@>®,), the corresponding facet is available for
11



separation. Facets with (®>®,) are referred to as “pending facets” to signify their readiness to

participate in the node duplication process. When a node is surrounded by a collection of pending
facets, such that a closed path around the node is contained in these facets, the node is duplicated,
and the element connectivity is modified accordingly. A facet path is formed by traversing facet
edges to move between neighboring pending facets. A closed path of pending facets implies that
there exists a path that leads back to the pending facet at which the path originated. This logic is
illustrated in Figure 5, where one non-duplication condition is presented along with two duplication
conditions. Once a closed path is found, the node is duplicated to form a new node pair, and
element connectivity is reassigned such that one node belongs to all elements on one side of the

facet path, and the other node belongs to elements on the opposite side.

Cohesive Stresses and Nodal Forces

Once nodes are duplicated, nodal force contributions corresponding to the cohesive stress must be
applied to the body. The addition of a cohesive stress term requires that extra terms be added to the
weak equations of motion. The extra terms mimic the application of traction to a surface, as well as
the presence of a cohesive stress state in A. The finite element discretized equations of motion are:

.

nelem nbip

SN S v

nelem nnip ntbe nfip

> (o) = X 3{[(v.7)

k=1 b=1 m=1b=1 k=1 b=1
ncf nccfip 2
N, (-1)"" (pr! ‘ J J‘TN}
22 E{( e ) | N (12)
nef necfip 2
_E E E {I:Na,j(Pan_PnH),-j:I |JAh }’
m=1 b=l side=1 b
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where :

N =shape functions

a=1, 2, 3...number of nodes

iLj=1,2,3

ntbc = number of external facets with a traction boundary conditions
nfip = number of integration points per external facets

nelem = number of bulk elements

nbip = number of integration points per bulk element

ncf = number of active cohesive facets

nccfip = number of integration points per cohesive facet

side = specify which bounding element to act upon

oX
J[, =]

for the bulk element volume
g,

X
JAb =

for the layer volume A

1N

The last two terms in equation (12) represent the contribution of the CCF to the equations of
motion. In the additional terms, the outer summation limit “ncf” represents the number of cohesive
facets/layers that are undergoing the separation process. The inner summation loops over the
number of CCF integration points on/in a facet/layer.

The first part of the cohesive term in equation (12) applies the cohesive tractions as defined in
equation 11, to the surface of the separating facet in the same manner as boundary tractions are
applied to an external facet. The second part of the cohesive term provides nodal force contributions

from the cohesive stress (P.) minus the bulk stress (P) within volume A. This is done for each of
the two elements that surround the separating facet. If the subtraction of P were not performed, the
volume A would essentially apply nodal force contributions twice with P, and P, each being used
once to represent the stress in the layer. This procedure requires that the bulk material state be
calculated at the CCF integration points, i.e. the material state is tracked at the CCF integration-point

locations using kinematics derived from F in addition to kinematics derived from G.
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Cohesive Damping Traction

In structural dynamics simulations, it is often desirable to introduce damping to reduce high
frequency noise that may be generated by highly localized discontinuous processes. While it is
demonstrated in the following section that the CCF does not require damping to attain physically
meaningful results, it is still advantageous to provide a means by which to damp high frequency
motions that result from discretization of the problem. For example, use of the constant-volume
element formulation appears to have slightly detrimental effects on the overall stability of problems
containing active CCF elements. This stability-related behavior is often extremely subtle, and often
does not appear in constant-volume element analysis. However, when the instability does appear, it
may be suppressed by specifying a cohesive damping traction (Pgumpin.)» Which is proportional to
the rate of the gap vector. This cohesive damping traction is defined as:

P aamping = (Zyc'cf M)V

where :

Y. 18 the cohesive damping coefficient (14)
A e 18 the elastic Lamé's constant

w is the elastic shear modulus

v is the rate of the gap vector

With the exception of ., the parameters used in equation 14 are taken from the bulk material.

Values of the cohesive damping coefficient y,, typically range from 0.01 to 0.5, although the effects

of the damping on the overall solution should always be checked to ensure that they are negligible.

4. NUMERICAL RESULTS

In this section, results from of a series of Cohesive Continuum Framework-enhanced finite element
analyses are presented. First, a series of CCF analyses using a linear elastic constitutive relation are
presented, to provide insight into the fundamental behavior of the CCF-FEA. The CCF is then used

to solve more complex problems using a Gurson-type void growth model in the bulk continuum.
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For simplicity, an isotropic rupture function is specified in all analyses presented in this study. The
crack path is predetermined to be along a line of geometric symmetry, which is the vertical
centerline of the mesh in all cases. Thus, only the nodes along the vertical (X,=0) centerline of the
mesh are specified as “separable,” and are the only candidates for duplication. Furthermore, only
facets along this plane N=(1,0,0) will participate in the separation process. While the CCF allows
the specification of a directional rupture function, which leads to the ability to predict crack paths,

these abilities are not discussed here and will be presented in future studies.

Constitutive Relations

The first material used in this study is a brittle steel which is described by a linearly elastic
constitutive relation. Specifically, a hypo-elastic constitutive relation is specified, with the full

material description being given by any two of the standard elastic constants K, A, v, . (i.e. bulk

modulus, Lame constant, Poisson’s ratio, and shear modulus respectively). In the case of elasticity,
the rupture function must be constructed from the Cauchy stress tensor (T), along with the normal
vector to the potential rupture surface, as stress is the only state variable present. Accordingly, a

simple rupture function is chosen as:

=0, (s, n),

rupture

where :
0, is the maximum principal stress of T, (18)
s, 1s the principal direction corrosponding to o,

n is the current configuration normal to I".
This rupture function has units of stress, with @, and ®, representing the stresses at which rupture

initiates and completes respectively. With this maximum-normal-stress rupture function specified, a

simple stress reduction factor is proposed:
r(s) =e “ -5, (20)

The second material considered in this study is a forged 21-6-9 steel. As this material is expected to

exhibit ductile fracture through void growth and coalescence, a measure of void growth should
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influence the rupture function. Here, we use the void-growth model originally proposed by Gurson
[23, 24], and later modified by Needleman and Tvegaard [25]. The matrix material is characterized
by J, flow theory with power law hardening:

. h
Y=Y01+(ﬂ) . (21)
gref

Through this relation, the magnitude of the yield stress increases with increasing effective plastic

strain (¢, =+/2/3D , - D, where D, is the plastic part of the rate of deformation deviator). The

eps
modified Gurson model specifies a yield surface that exhibits softening through terms involving the
void volume fraction (f) and hydrostatic pressure. We used the yield function proposed by

Needleman and Tvergaard [25]:
Son ) 30,"p 2
= | 2vm .0 - f- 22 _ . -
Pourson —( % ) +2:0-f COSh(z y ) [1 + (Q1 f) ] =0, (22)

. o 3 . .
where (S, =T, — pd. ) is the deviatoric stress, and (s, =./=S..S, ) is the von-Mises stress. Note
ij ij ij vm 2 gy

that the void volume fraction (f) is a variable that is intended to track the volume of the voids divided
by the total volume in an arbitrary region. While the existence of physical voids would introduce a
length scale into the problem through the void radius or the distance between voids, the Gurson
model is still a local continuum-based formulation and does not provide an actual description of
finite-length features. Thus the voids are not treated as micro-structural entities. Instead, they are

accounted for by considering a homogenized, unvoided material that exhibits dilatant plasticity.

The increase in void volume fraction may be attributed to the volumetric portion of the plastic strain

tensor:
f=@=f)r(D,). (23)

In addition to growth of existing voids, the ability to nucleate voids is essential to the modeling

process. Various nucleation models have been proposed by Gurson [24], and Needleman and Rice
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[26], and Chu and Needleman [27], among others. A combination of these approaches is used as

follows:

2 2
1fe-en 1 Pmax=Pn
2\ o, ‘ ‘fP 2 Ip

. . f - .
fnucleation = gp 0_8 ’\/EZ e + pmax o ’\/ﬁ e >

where :

¢, 1s the rate of effective plastic strain

Dumax 18 the rate of increase in the maximum pressure seen by the material

/. 1s the maximum void volume fraction nucleated by the strain term (24)

Jf, 1s the maximum void volume fraction nucleated by the pressure term
€y 1s the mean strain at which the distribution is centered

py 1s the mean pressure at which the distribution is centered

o, 1s the standard deviation of strain based distribution

0, 1s the standard deviation of pressure based distribution.

This relation specifies that the nucleation of voids is normally distributed around a mean effective
plastic strain and a mean pressure. The amount of void volume fraction that may be nucleated
through strain and pressure is equal to f, and f, respectively. Note that Chu and Needleman [27] use

(p+7Y) rather than p for the stress-based nucleation.

Since the void volume fraction provides a direct measure of the amount of voids present in a
material, it is a prime candidate for use in the rupture function. In this work the non-directional
rupture function is simply set equal to the void volume fraction with a directional factor similar to

that used in the linear elastic material.

q)rupmre = f(sl : n) (18)

Table 1 presents a summary of material parameters used in the subsequent analyses. In the Gurson
model, the values of Q, and Q, are taken from Tvergaard [28, 29]. Brown and Embury [30] and

Andersson [31] provide guidelines for initial estimates of ®,.

Material Model Linear Elastic Gurson
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p = 7900 kg/m’ p = 7900 kg/m’
E=1.9El1 Pa E =190 GPa

v=0.3 v=0.3
Y, =6.8E8 Pa
€. = 0.58
h=0.56
Jiir = 0.0
0,=15
0,=10
f.=0.02
ex=0.3
o, =0.1
£, =0.005
py = 1750 MPa
0, =250 MPa

Rupture Parameters D =0, d=f

®, = 500 MPa @, =0.01
®,=2000 MPa | ®,=0.3

Stress Reduction Function r(s)=e —se® | r=(1- )
a=0.15
Length Scale 20um 100 pum

Table 1: Summary of Constitutive Relations

Uniaxial Behavior
To examine the uniaxial response of a CCF enabled-FEA, the plate mesh shown in Figure 6 is

subjected to kinematic boundary conditions such that the nodes on the right side of the mesh (X,=3
mm) are displaced in the positive X, direction, and the nodes on the left face of the mesh (X,=-3
mm) are displaced in the negative X, direction at a velocity of 0.01 m/s. Results from both the brittle
(linear elastic) and ductile (Gurson) materials under uniaxial strain, and plane stress conditions are
presented through the CCF-generated traction-separation curves. It is important to note that the
traction-separation curve derived from a CCF-enabled analysis does not provide all information
pertaining to the behavior of a given simulation (e.g., there are other factors in addition to tractions
that effect the equations of motion). Nonetheless, the relation between cohesive tractions and gap
opening displacements do provide a point of comparison to traction-separation relations used in

cohesive zone methods.
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Figure 7a shows the traction-separation curve for the linear elastic material with an element size of

0.1 mm. The separation process begins with a closing traction of 500 MPa (®,=500 MPa), rises to

a peak of approximately 1300 MPa, is unloaded to zero stress, and then reloaded until the stress

decays to zero at a gap-opening distance of about 1.6 um. The uniaxial strain and plane-stress

boundary conditions yield nearly identical traction separation curves, which is a result of a rupture
function equal to the maximum principal stress, and a small length scale relative to the element size.
A linear unload/reload curve that passes through the origin is the expected response for all linear
elastic materials, as there is no concept of permanent deformation introduced by the CCF. Note that
the slope of this curve is inconsequential in relation to the courant stability limit, as the strain occurs

across the layer of thickness A. In other words, a finite deformation accompanies the case when the

slope of the traction-separation curve is unbounded.

Figure 7b presents traction-separation curves resulting from the use of a Gurson void growth
material model. The traction-separation curves that result from the use of the Gurson model extend

over a much larger range of gap opening than that of the linear elastic material (40-140 um gap-

opening), with the plane stress case being the higher of the two. Note that the unload/reload curve
drops to a non-zero gap-opening value that corresponds to zero elastic strain. Due to permanent
deformations not present in an elastic material model, zero elastic strain does not equate to zero gap

opening displacement.

In this series of uniaxial analyses, a CCF enabled FEA is seen to simulate material separation for
both brittle and ductile materials by simply specifying different bulk constitutive models, rupture
functions, and appropriate CCF parameters. The inherent ability of a CCF enabled FEA to
seamlessly manage unloading/reloading within the context of the selected material model is

demonstrated.
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Multiaxial Cyclic Behavior

While the previous analyses illustrate the capability of the CCF enabled FEA to undergo
unloading/reloading, real world problems require complete flexibility to simulate arbitrarily complex
loading. To this end, the manner in which a CCF enabled FEA handles complex loading paths is
explored using the plate mesh shown in Figure 6. The mesh is subjected to a loading path that
combines axial/shear and loading, contains several changes in the loading directions, including a
compressive cycle. The linear elastic constitutive model is used in this simulation. Figure 8
illustrates the loading path in terms of displacement vectors, which are applied to the left and right
extremes of the mesh via velocity boundary conditions (note that the B.C. applied to the left extreme
is the negative of the path shown). In addition, images of the deformed meshes (displacements are
magnified by a factor of 100) are shown to illustrate the effects that a loading path has on the mesh.
A particular portion of the loading path is identified by the letter that is placed at the end of the path
in Figure 8. The magnitude of the specified velocities start at zero, increase linearly throughout the
first half of the loading segment, then decrease linearly to zero at the end of the loading segment.
Figure 9 plots the average normal and average shear Cauchy tractions against the average normal
and average shear opening displacement within one of the facets along the separation plane. The

letters on the plots are used to signify the end of each loading path as defined in Figure 8.

Loading path A is a combination of normal tension and shear. At some point during this loading,
the rupture criterion is satisfied for all facets on the potential separation plane, node duplication
occurs, and the separation process begins. Loading path B is a shear load that reverses the
component of shear loading from path A, but keeps the normal displacement fixed. During this
loading path, the shear traction and gap displacement completely reverse direction in a linear
fashion, while the normal traction stays essentially constant. Loading path C is identical in direction
to loading path A, but at the end of this loading path, the problem ends up in pure normal tension.
As expected, the normal component of the traction and gap vectors increase in a manner similar to

what is observed during loading path A. The normal component ends at some positive value, while
20



the shear component approaches the origin (i.e. zero shear gap-displacement, and zero shear
cohesive stress). Loading path D then enforces a normal compression on the mesh. The normal
components of the traction and gap vector approach zero in a linear fashion, similar to the
unload/reload cycles observed in the uniaxial strain loading. Once the origin is reached and
intrusion occurs, the cohesive stress reverses its sign and pushes the separation surfaces apart (i.e.
the cohesive stress is no longer a closing traction). However, as long as a stress-reduction factor of
less than unity is applied to the cohesive stresses, a finite amount of intrusion cannot be prevented.
Attempts to set the stress reduction factor to unity while intrusion is taking place have resulted in
numerical complications. (This detail will be addressed in future work.) Thus, this loading
illustrates how the CCF provides resistance to intrusion naturally, but does not provide a strict no-
interpenetration rule. Loading path E again mimics the loading from A and C. The normal loading
curve moves back up the unload/reload curve from D, but departs from the curve when the
separation coefficient begins to evolve (i.e. when the rupture function reaches its maximum value
over its history). The mesh is loaded until complete separation occurs, although the final portion of

the traction separation-curve is not shown for clarity.

The results of this simulation show that a CCF enabled FEA possesses a natural ability to simulate
fracture problems which are subjected to combined loading, changes in loading direction,

unloading/reloading, and post-separation compression.

Time Continuity

Through the previous two examples, the ability of a CCF enabled FEA to produce a time
continuous solution is explored. Prior to a discussion of the simulation results, a quantitative

measure by which time continuity is measured, the net normalized nodal acceleration (Aa,,,), is

defined as:

Aa - (fcohesive + fbulk)/(% m) - fnc‘_bulk/(m)
nnn /(% m

(25)

cohesive
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where:
m = nodal mass prior to duplication

f

cohesive

= nodal force from cohesive stresses
f, .. = nodal force from connected bulk elements (post-duplication)

f

nc_bul

« = nodal force from connected bulk elements (pre-duplication)

For a perfectly time continuous method, Aa,,, should equal zero immediately after separation, thus
deviation from zero represents a time discontinuity. In the case of uniaxial loading, the CCF
displays excellent time continuity characteristics as |1Aa,, |<10®, which is essentially zero in this
numerical setting. However in the case of multi-axial loading such as in loading path A in the

preceding example, the values of Aa,,, are not zero. Table 2 summarizes Aa,,, for each duplicated

node when combined axial-shear loading is applied.

Node Aa,, Aa,, Aa,,,
(X,-direction) (X,-direction) (X;-direction)
1 (Edge) -0.0400 -0.0185 -0.0446
2 0.0022 0.0136 -0.0298
3 0.0142 0.0028 -0.0124
4 (Middle) 0.0211 0.0109 0.0000
Table 2

Because the nodal contributions from the formerly connected bulk elements are replaced by the
nodal contributions from the cohesive tractions instantaneously, any difference in these values
results in a non-physical impulse loading. Note that the cohesive tractions fully describe the effects
of the cohesive stress at the time of separation, as the bulk state is equal to the cohesive state,
leading to a nodal force contribution of zero inside A. From the results presented in Table 2, it is
apparent that this CCF implementation does not guarantee time continuity for all meshes and

loading directions. The logical remedy to this situation is to apply a nodal force scaling in
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conjunction with the contributions from the cohesive tractions to enforce time-continuity. However,

such options are not explored here.

Brittle Fracture of a Double Cantilever Beam Specimen

In this section, the brittle fracture of a double cantilever beam specimen is simulated. The first result
presented is a mesh refinement study on four linearly elastic DCB meshes. The four levels of
refinement and their corresponding minimum smallest element size are Coarse (0.4 mm), Medium
(0.2 mm), Fine (0.1 mm), and Very Fine (0.05 mm). Mesh refinement is confined to the regions
near the predetermined rupture surface, as illustrated in Figure 10. The DCB meshes are subjected
to a normal (Mode I) opening velocity of 50 mm/s (increasing linearly from zero over 0.01 s).

These simulations were run until approximately 20 mm of crack growth was achieved.

The results of these analyses are presented as plots of the opening force vs crack mouth opening
displacement (CMOD) and Rate of Energy Dissipation (i.e. G) vs Crack Extension. The opening
force and CMOD are readily available as output from the finite element code, while the rate of
energy dissipation is calculated by taking the total energy dissipated over a period of time, and
dividing it by the amount of new surface area created over that period of time. Thus, the rate of
energy dissipation at any time 7 is expressed as:

G(t) = EnergyDissipated(t + At) — EnergyDissipated(t — At) (26)
SurfaceArea(t + At) — SurfaceArea(t — At) ’

where At is some increment in time. The dissipated energy is calculated by subtracting the kinetic

and elastic strain energies from the total energy input to the system. The surface area is calculated
by summing the area of all CCF facets multiplied by their separation coefficients. Thus an
unruptured (s=0) facet will contribute zero area, and a fully ruptured (s=1) facet will contribute all

of its area to the summation. Note that if very small values of Az are used in Equation (26), then the
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discrete nature of the numerical solution introduces the possibility of a divide-by-zero situation. In

order to attain physically meaningful results, a value of Az=100 us is used here.

Figure 11 plots the rate of energy dissipation vs crack extension for the four levels of refinement.
The dissipation rates are centered about a constant value (~765 J/m?) throughout the extension
process, which is expected considering the double-cantilever geometry. The data indicates that the
solution has essentially converged for the “fine” and “very fine” levels of refinement, with the
“coarse” and “medium” levels of refinement oscillating around the converged solution. Figure 12
plots the Force vs CMOD for the various levels of mesh refinement. In order to smooth the force-
time history, a 4™ order low-pass Butterworth filter with a cutoff frequency of 10,000 Hz was
applied. The force data exhibit large oscillations that decrease as the mesh is refined. This results
from a combination of smaller facet areas (smaller loss of cohesive force per facet), and a more
finely discretized rupture zone (smoother temporal transition to full separation for a given facet).
Since a linear elastic material is specified, LEFM along with elementary beam-theory is used to
determine the force (P) and displacement (CMOD) given the energy dissipation rate (G) and crack
size (a). This LEFM solution is plotted in Figure 12 as the heavy dotted black line, and it is
confirmed that the simulation data are consistent with the theoretical LEFM solution. As is the case
in Figure 11, Figure 12 also indicates that the “fine” and “very fine” meshes have converged to a

satisfactory level.

The Cohesive Continuum Framework’s ability to model multi-mode fracture is demonstrated
through simulations involving the “fine” mesh individually subjected to mode I (normal opening),
mode II (in-plane shear), mode II1 (out-of-plane shear), and multi-mode (I, II, and III) loading. This
mesh, which is shown in Figure 10, consists of 89,967 nodes, 6817 separable nodes, and 83,200
elements. To attain the various loadings, nodes at the end of the double-beam are subjected to
velocity boundary conditions. Specifically, the individual mode I, II, and III loadings are produced

by specifying the velocity of the nodes on one face in one direction, and the nodes on the other face
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in the opposite direction. Thus the free ends of the beams are allowed to rotate as well as displace.
For the multi-mode loading, these nodes are subject to specified velocities in all directions, and the

ends of the beam translate with no rotation.

Figure 13 provides a plot of Energy Dissipation Rate vs Crack Extension. The mode I loading case
produces a result equivalent to the mesh refinement study with an energy dissipation rate of
approximately 765 J/m*. The two shear modes (II and III) exhibit dissipation rates that are nearly
equivalent to each other, except for a slight deviation of the mode II case near the end of the crack
extension. This is due to beam bending in the mode II loading, which adds a mode I component to
the crack tip loading state. The difference in dissipation rates between the shear cases and the
normal case is a result of how the normal and shear components of stress evolve differently in the

constitutive relation. Furthermore, the choice of rupture function (®) is specified to be equal to the

maximum principal stress, and thus the rupture function evolves differently for the two cases.

Simulation of a 3-Point Bend Specimen

In this section, experimental data from three separate 3-point bend specimens of 21-6-9 steel are
compared with a CCF simulation. The 3-point bend test involves pre-cracking the specimen at mid-
span, then applying a velocity at mid-span while the specimen is simply supported. The meshed 3-
point bend specimen is illustrated in Figure 14, along with relevant dimensions. Note that the side
view in Figure 14 is of a deformed mesh, although the dimensions refer to the un-deformed
geometry. The mesh is refined near mid-span, and consists of 26,783 nodes and 23,820 elements
with a minimum element dimension of 0.006 mm. A pre-crack of length 2.58 mm, which runs
through half the specimen height, is specified by duplicating nodes up the centerline. At the left and
right extremes of the mesh, a set of nodes (4 nodes high and through the thickness of the beam =
42 nodes) is given a fixed kinematic boundary condition in the vertical direction. A set of nodes (6

nodes wide and through the thickness of the beam = 273 nodes) along the top mid-span surface of
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the beam is then subjected to a velocity boundary condition in the negative vertical direction of 0.05
m/s.

Figure 15 provides a cut-away view of the separation plane near the conclusion of the test, with the
active facets colored according to the current value of the separation coefficient. The color scheme is
such that red indicates near full separation (s=1) and blue indicates minimal separation. Note that
there are about 4 facets undergoing the separation process along the general direction of crack
propagation, which suggests sufficient resolution based on mesh refinement studies. The crack
front leads slightly at the edges (concave up) due to the presence of the side-notches, which create a
stress state similar to plane strain throughout the width of the specimen, as well as producing a
stress concentration near the outer surface of the specimen. This behavior is confirmed by images
of the physical specimen (not shown), in which the specimen was cut along the separation plane

after testing to reveal the shape of the rupture front.

Figure 16 shows a plot of the applied top force vs CMOD for both the simulation and experiment.
Note that the experimental data is produced from three specimens that were taken from different
locations in a rolled billet, thus substantial variation in material properties is expected. When
viewing these results, it is important to note that the constitutive parameters were taken from a
separate uniaxial tension test, while the rupture parameters used in the simulation were calibrated to
provide response that is consistent with an average of the experimental data. Thus this is not a
“blind” prediction but rather a demonstration that the CCF together with the Gurson dilatant
plasticity model is capable of modeling ductile rupture through void growth and coalescence in a

21-6-9 steel.

In addition to the full 3-dimensional geometry, a 3-point bend sheet mesh was also studied. This
sheet mesh is similar to the previous geometry in plane, but only 1 mm through the thickness of the
specimen. This mesh consists of 6459 nodes and 4612 elements with a minimum element

dimension of 0.006 mm. A pair of constraints in the through-thickness direction is used to
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approximate plane stress or plane strain. The plane stress condition is achieved by simply
constraining a single face of the specimen in the through-thickness direction, while the plane strain
constraint is a result of confining both front and back surfaces in the through-thickness direction.
Figure 17 shows the force per unit thickness against the CMOD for both the plane stress and plane
strain analyses. As would be expected, the plane stress condition is observed to be much “tougher”
than the plane strain condition, retaining its load carrying capacity well past the point at which the

plane strain case has lost capacity.

Figure 18 shows the total energy dissipation rate (energy per separated area) against crack
extension for all 3-point bend simulations. This figure shows that the plane strain case is similar to
the fully 3-dimensional simulation, while the plane stress problem dissipates approximately ten
times more energy than the others. This trend is expected due to greater plastic dissipation in the
bulk material in the plane-stress case addition to the higher levels of dissipation associated with the

surface generation as specified by the CCF.

S. Summary and Direction of Future Work

The Cohesive Continuum Framework (CCF) has been presented as a new tool for modeling the
material separation in a continuum body. While the CCF draws motivation from current cohesive
zone methodology presented in, e.g., [3-14], it is the goal the CCF to address certain shortcomings
of standard cohesive zone formulations. In particular, the lack of an intrinsic dependence on near-tip
constraint level is of substantial concern as discussed in [15-18]. Other issues include the mesh
dependence of initially elastic cohesive zone models [13], and the initialization and time continuity

of initially rigid cohesive zone models [14].

The CCF postulates that a standard bulk constitutive relation has the capability to generate cohesive
stresses if appropriate kinematic input can be provided. From this postulate, the concept of the

gradient-like tensor G is introduced. The CCF formulation presented in this study assumes the
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rupture process occurs within a finite layer of thickness A of material in which G is an appropriate

measure of deformation for the purposes of a constitutive update. Through G, deformations from
the surrounding bulk are combined with the gap vector and a length scale to generate kinematical
quantities, which are then used to update a material state through the bulk constitutive relation. This
material state is in turn utilized to generate a cohesive stress that is applied within the rupture zone.

To quantify the progression towards material rupture, a scalar rupture function (®) is defined from

the material state in the rupturing layer. Thus, the material model is required to supply state
variables that may be used to correlate and quantify the progression toward rupture. Critical values

of the rupture function specify when the material separation process begins (®,), and when the

process is completed (P,).

Issues pertaining to the implementation of the CCF in a 3-dimensional structural dynamics finite
element code have been discussed. Through use of this code, it has been shown that the CCF-
enabled FEA is capable of modeling the rupture process through complex loading paths (i.e.
change in loading direction, unloading, compression). Through simulations of a double cantilever
beam, the CCF-enabled FEA is shown to seamlessly integrate combinations of mode I, mode II, and
mode III loading cases. Simulation of the ductile fracture of a 3-point bend specimen is presented,
and good agreement with experiment is achieved. Finally the ability of the CCF-enabled FEA to

naturally account for confinement at the crack tip has been demonstrated.

It has been demonstrated that the Cohesive Continuum Framework offers some attractive
capabilities that are absent from the standard cohesive zone construct. However, outstanding issues
such as element size/shape constraints, time continuity require further development. Also of
practical importance is revising the implementation presented here, such that computational costs are

reduced.

This work performed under the auspices of the U.S. Department of Energy by Lawrence Livermore
National Laboratory under Contract DE-AC52-07NA27344.
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